A randomized, double-blind, placebo-controlled, 4-period crossover study was conducted in 52 healthy adults to assess the effect of delafloxacin on the corrected QT (QTc) interval. The QT interval, corrected for heart rate using Fridericia's formula (QTcF), was determined predose and at 0.5, 1, 1.25, 1.5, 1.75, 2, 2.5, 3, 4, 5, 6, 12, 18, and 24 h after dosing with delafloxacin at 300 mg intravenously (i.v.; therapeutic), delafloxacin at 900 mg i.v. (supratherapeutic), moxifloxacin at 400 mg orally (p.o.; positive control), and placebo. The pharmacokinetic profile of delafloxacin was also evaluated. At each time point after delafloxacin administration, the upper limit of the 90% confidence interval (CI) for the placebo-corrected change from the predose baseline in QTcF (⌬⌬QTcF) was less than 10 ms (maximum, 3.9 ms at 18 h after dosing), indicating an absence of a clinically meaningful increase in the QTc interval. The lower limit of the 90% CI of ⌬⌬QTcF for moxifloxacin versus placebo was longer than 5 ms at all 5 time points selected for assay sensitivity analysis, demonstrating that the study was adequately sensitive to assess QTc prolongation. There was no positive relationship between delafloxacin plasma concentrations and ⌬⌬QTcF. Treatment-emergent adverse events (AEs) were more frequent among subjects receiving a single supratherapeutic dose of 900 mg delafloxacin. There were no deaths, serious AEs, or AEs leading to study discontinuation and no clinically meaningful abnormalities in laboratory values or vital signs observed at any time point after any dose of the study drug.
D
elafloxacin (RX-3341, ABT-492, and WQ-3034) is an anionic investigational fluoroquinolone antibiotic, currently in phase III development for the treatment of acute bacterial skin and skin structure infections (ABSSSI) based on its activity against Gram-positive microorganisms, including methicillin-resistant Staphylococcus aureus, Gram-negative microorganisms, and anaerobes (1) . Pharmacokinetic (PK) studies have shown that the increases in the maximum plasma concentration (C max ) and total exposure (area under the concentration-time curve [AUC] ) are dose proportional and greater than dose proportional, respectively, with a single intravenous (i.v.) dose of 300 to 1,200 mg in healthy volunteers (2) . Both i.v. and oral formulations are expected to be available, allowing i.v.-to-oral "step-down" therapy in the appropriate patient populations. The proposed dose for the treatment of ABSSSI is 300 mg administered i.v. or 450 mg administered orally (p.o.) twice daily (BID).
QT interval prolongation caused by the inhibition of potassium channels encoded by the HERG gene has been described for a variety of drug classes, including the fluoroquinolone antibiotics (3, 4) . QT prolongation is associated with an increased risk of life-threatening cardiac arrhythmias, most typically torsades de pointes (TdP). The degree to which the fluoroquinolones block the cardiac potassium channels, thereby prolonging the QT interval, varies by agent (5, 6) . In preclinical studies, supratherapeutic concentrations of delafloxacin had no significant effect on the HERG current in stably transfected human embryonic kidney (HEK293) cells, on repolarization of canine Purkinje fibers in vitro, and on the QT interval corrected by Bazett's formula (QTcB) in anesthetized dogs in vivo (Melinta; data on file).
Thorough QT (TQT) studies are now a standard part of the drug development process and of guidelines which are designed to assess the effects of compounds on cardiac repolarization and proarrhythmic potential and have been issued and published by the International Conference on Harmonisation (ICH) (E14) (7) .
A prolongation of the corrected QT (QTc) interval in which the upper bound of the 1-sided 95% confidence interval (CI) for the mean effect on the QTc exceeds 10 ms suggests a clinically relevant effect (7) .
The primary objective of this study was to assess the effect of single therapeutic (300 mg) and supratherapeutic (900 mg) doses of i.v. delafloxacin versus a positive control (moxifloxacin at 400 mg p.o.) on the placebo-adjusted, time-matched change from the baseline in QTc on the basis of Fridericia's correction (QTcF) method. The supratherapeutic dose of delafloxacin was chosen because this was the maximum tolerated dose for a single i.v. dose of delafloxacin in a phase I study (8) . The secondary objective of the study was to evaluate the safety, tolerability, and pharmacokinetics of delafloxacin when administered as a single 300-mg i.v. therapeutic and single 900-mg i.v. supratherapeutic dose. A preliminary report of these results has been presented previously (9) .
MATERIALS AND METHODS
Study design and subjects. The present study was a randomized, placebocontrolled, 4-period crossover study. Subjects were healthy men or women between the ages of 18 and 45 years inclusive, with a body mass index (BMI) of between 19 and 30 kg/m 2 . Subjects were screened at up to 28 days and not less than 48 h prior to receipt of the first dose. Screening procedures included a thorough medical history and physical examination, standard 12-lead electrocardiograms (ECGs), and clinical laboratory testing (hematology, serum chemistry, and urinalysis). A total of 52 subjects were randomly assigned to 1 of 8 treatment sequences using a double Williams square schema; each sequence included all 4 study treatments.
The study was conducted in compliance with ICH Harmonised Tripartite Guideline E6 (R1) good clinical practice (10) and in accordance with all national, state, and local laws or regulations. Written informed consent was obtained prior to each subject entering the study, and the study protocol and amendments were approved by the institutional review board at the study center.
According to the predetermined sequence, subjects received delafloxacin at 300 mg i.v. (therapeutic) plus a placebo capsule p.o., delafloxacin at 900 mg i.v. (supratherapeutic) plus a placebo capsule p.o. (placebo for moxifloxacin), 5% dextrose-water (D5W; placebo for delafloxacin) i.v. plus a placebo capsule p.o., or D5W plus moxifloxacin at 400 mg p.o. Delafloxacin was provided as a sterile lyophilized powder and reconstituted in D5W. The 3 single parenteral doses were administered over 1 h, and all treatments were separated by a minimum 4-day washout interval. Delafloxacin was administered in a double-blind, doubledummy manner; moxifloxacin was administered in an open-label manner, because differences between the active tablet and placebo capsule could be observed. The subject, investigator, and site personnel involved in the study, with the exception of pharmacy personnel, were blind to the treatment.
The study considered 4 different patient populations (Fig. 1) . Electrocardiography. All ECG data were obtained digitally using a Mortara Instrument (Milwaukee, WI) H12ϩ ECG continuous 12-lead digital recorder, stored continuously on a flash card, and read centrally by eResearch Technology, Inc. (Philadelphia, PA) using a high-resolution manual on-screen caliper semiautomatic method with annotations. The ECG data were obtained in triplicate at predetermined time points in each of the 4 treatment periods. Baseline time points were Ϫ45 min, Ϫ30 min, and Ϫ15 min; postdose time points, based on the start of infusion for delafloxacin or ingestion for moxifloxacin, were 0.5, 1, 1.25, 1.5, 1.75, 2, 2.5, 3, 4, 5, 6, 12, 18, and 24 h. The extractions were time matched with the collection of PK samples. Subjects who dropped out of the study were not replaced.
Statistical analyses of QT/QTc. The sample size calculation was based on an assessment of the noninferiority of delafloxacin to placebo in the primary analysis and on the assumption of a true difference of 3 ms in time-matched changes from the baseline QTcF between delafloxacin and placebo with a standard deviation of 9 ms (11) . A sample size of 42 subjects would provide more than 80% power to show that the upper limit of the 90% CI (2 sided) for the comparison of delafloxacin with placebo would fall below 10 ms, as specified in the ICH E14 guideline (7) . The enrollment target of 52 subjects was established to control for the possibility that some subjects might drop out of the study.
Moxifloxacin at 400 mg was included as a positive control to validate the sensitivity of the assay to detect small increases in the QTcF duration from the baseline based on studies showing mean increases in QTc of 6 ms using a time-averaged analysis (12) and of 10 to 15 ms using a timematched analysis (13) . Assay sensitivity was established based on baselinecorrected change in QTcF at 1, 1.5, 2, 3, and 4 h after ingestion, which correspond with the times during which the plasma concentration is highest (14, 15) .
The primary ECG analysis was of the placebo-adjusted change from the predose baseline of the QTcF interval (⌬⌬QTcF), with the purpose of determining whether the upper bound of the 2-sided 90% CI exceeded 10 ms, per the ICH E14 guideline (7); ECGs were recorded at the same time of the day (time-matched analysis) for each treatment. Descriptive analysis of the time-matched means for the ECG interval parameters of heart rate (HR), PR interval, QRS, and QTcF was performed.
Outlier values were defined as those in which the QTcF was Ͼ450 ms, Ͼ480 ms, or Ͼ500 ms, for which the predose baseline was Յ450 ms, Յ480 ms, or Յ500 ms, respectively, or the ⌬QTcF was Ͼ30 to 60 ms or Ͼ60 ms.
Pharmacokinetics. Blood samples for PK analysis were collected from all subjects on the first day of each treatment period. However, because only plasma levels for delafloxacin were of interest for comparison with the ECG QTcF duration (pharmacodynamic [PD] effect), only samples from subjects receiving the therapeutic or supratherapeutic doses of delafloxacin were analyzed. The ECG time points on treatment days (days 1, 5, 9, and 13) that were used for PK sampling were as follows: before dosing and at 0.5, 1, 1.25, 1.5, 1.75, 2, 2.5, 3, 4, 5, 6, 12, 18, and 24 h after the start of the delafloxacin infusion. The ECG extractions were time matched to the PK samples but were obtained before the actual plasma sampling time to avoid changes in autonomic tone resulting from bloodletting.
Blood samples (6 ml each) were collected into chilled (2°C to 8°C) tubes containing dipotassium EDTA acid, gently mixed, and centrifuged under refrigeration (2°C to 8°C) at 900 ϫ g for 15 min. Plasma was removed, divided into aliquots, and stored at Ϫ70°C until analyses were performed. Samples were analyzed at Intertek Pharmaceutical Services (El Dorado Hills, CA). Plasma delafloxacin concentrations were assessed by liquid chromatography coupled with tandem mass spectrometry (Sciex API-4000; Applied Biosystems, Inc., Foster City, CA) (data available upon request).
PK data were calculated using noncompartmental analyses with Phoenix WinNonlin Version 5.1 or higher (Pharsight, St. Louis, MO). PK parameters calculated for both doses of delafloxacin were the area under the concentration-time curve from time zero to 24 h (AUC 0 -24 ) by the linear trapezoidal rule, C max , and the time to achieve the maximum observed plasma concentration. All plasma concentrations that were below the level of quantitation (BLQ) prior to the first measurable concentration were set to zero. The BLQ values obtained between the measurable concentrations were treated as missing, and those obtained after the last quantifiable concentration were not used.
Pharmacokinetic and pharmacodynamic analyses. Changes from the predose baseline in the QTcF interval at each time point with delafloxacin treatment were placebo adjusted using the equation ⌬QTcF D(i) Ϫ ⌬QTcF P(i) , where ⌬QTcF D(i) and ⌬QTcF P(i) are the changes from the baseline at time point i for QTcF with delafloxacin and placebo, respectively. This varied slightly from the modeled values used in the timematched analyses of the central tendency analyses specified above. The relationship between the ⌬⌬QTcF interval and plasma delafloxacin concentration was assessed using a linear mixed-effect model (data available upon request).
Safety analyses. Safety assessments performed throughout the study included monitoring and recording of adverse events (AEs), vital sign measurements (blood pressure, HR, respiratory rate, and oral tempera- a , all subjects who received at least 1 dose of study drug; PK b , all subjects who received at least 1 dose of study drug and had sufficient plasma concentration data to calculate the primary PK parameters; ECG c , all subjects who were randomly assigned, received at least 1 dose of study drug, and had at least 1 baseline (predose) ECG and 1 on-treatment (postdose) ECG within the same treatment period; PK/PD d , all subjects in the ECG population with time-matched plasma concentrations. ECG, electrocardiographic; PD, pharmacodynamic; PK, pharmacokinetic. ture), clinical laboratory results (including hematology, coagulation, serum chemistry, and urinalysis), and physical examination findings.
The occurrences of treatment-emergent AEs (TEAEs), serious AEs (SAEs), discontinuations because of AEs, or deaths were recorded, as was information on the intensity of AEs and relationship to the study drug. Descriptive statistics of clinical laboratory results and changes from the baseline, as well as potentially clinically significant laboratory values, were presented.
RESULTS

Demographics.
A total of 52 healthy subjects (29 men and 23 women) were enrolled and assigned to 1 of 8 treatment sequences in the 4-period crossover design. The mean age of study participants was 28.5 years (range, 18 to 43 years), and the mean BMI was 24.65 kg/m 2 (range, 19.2 to 29.0 kg/m 2 ). Most subjects were white (61.5%) and non-Hispanic (53.8%). Fifty-one subjects completed all dosing. One subject withdrew consent after 3 of 4 treatment periods because of a family emergency; this subject did not receive the supratherapeutic dose of delafloxacin.
Electrocardiography. A plot of the ⌬⌬QTcF interval for the 2 doses of delafloxacin and 1 of moxifloxacin is shown in Fig. 2 . Neither of the delafloxacin dose groups demonstrated an upper bound that approached or exceeded 10 ms, demonstrating no signal of any effect of this agent on cardiac repolarization. The time-matched analysis for the QTcF endpoint revealed that the moxifloxacin group met the assay sensitivity criteria outlined in the statistical plan, with all 5 predefined time points having a lower confidence bound of Ն5 ms. Placebo (D5W) had no significant effect on the QTcF interval; ⌬QTcF P(i) was negative at all but 4 time points and was greater than 1 ms at 2 time points (for 5 h, ⌬QTcF P(i) ϭ 2.4 ms; for 12 h, ⌬QTcF P(i) ϭ 3.2 ms).
Peak placebo-adjusted changes from the baseline for HR (14.7 beats/min) and PR interval (8.1 ms) with 900 mg delafloxacin occurred 1 and 1.5 h, respectively, after the start of infusion (data not shown). Both resolved quickly and were of minor clinical concern. Placebo-adjusted changes from the baseline in HR and PR interval with 300 mg were of no clinical concern at any time point. There were no placebo-adjusted changes from the baseline in the QRS interval of clinical concern with either dose of delafloxacin.
There were no subjects who met specific outlier criteria for QTcF, i.e., a new abnormal U wave, a new Ͼ500-ms absolute QTc duration, or a Ͼ60-ms change from the baseline. Similarly, no subjects in any group met the nonspecific outlier criterion of a Ͼ30-to-60-ms change from the baseline.
Pharmacokinetic and pharmacodynamic analysis. The mean plasma PK parameters for delafloxacin at both therapeutic and supratherapeutic doses are presented in Table 1 . The relationship between the plasma concentration of delafloxacin and the ⌬⌬QTcF interval for delafloxacin is presented in Fig. 3 . The slope a AUC, area under the concentration-time curve; C max , maximum plasma concentration; CV, coefficient of variation; PK, pharmacokinetic; T max , time to achieve maximum observed plasma concentration. b For T max , the median (minimum, maximum) values are presented. delafloxacin plasma concentration (PK/PD population). The red line represents the mixed-effect regression prediction line. The gray line is a reference line at the predicted ⌬⌬QTcF interval for the supratherapeutic dose. These 2 lines cross at the mean C max value for the supratherapeutic dose (33.27 g/ml). Conc., concentration; C max , maximum plasma concentration; PD, pharmacodynamic; PK, pharmacokinetic; QTcF, corrected QT interval using Fridericia's formula.
Placebo-Corrected
for the relationship between the ⌬⌬QTcF interval and the plasma concentration was Ϫ0.2128 (standard error, 0.0422; P Ͻ 0.0001) based on the estimates from the linear-mixed model. The predicted ⌬⌬QTcF intervals at C max were Ϫ1.9766 and Ϫ6.9672 for the therapeutic and supratherapeutic doses, respectively, with 1-sided upper 95% confidence bounds of Ϫ1.1418 and Ϫ4.8957, respectively. These data do not support the possibility of any effect of delafloxacin on QT interval prolongation.
Safety. No deaths, SAEs, severe TEAEs, or AEs leading to study discontinuation occurred during the study. Overall, 34 subjects (65%) reported TEAEs at any time. Subjects who received 900 mg delafloxacin reported TEAEs most frequently; a similar percentage of subjects had TEAEs after administration of moxifloxacin, 300 mg delafloxacin, and placebo (Table 2) . Gastrointestinal TEAEs (23 subjects [44.2%]) were the most frequently experienced events, followed by nervous system disorders (14 patients [26.9%]) and general disorders and administration site conditions (13 patients [25.0%]). Seventy-eight percent of TEAEs were judged to be mild in severity. The patterns of the incidences of TEAE assessed by the investigator as possibly or probably related to the study drug were similar ( Table 2 ). All TEAEs resolved by the end of the study, with the exception of a single event of skin depigmentation. No clinically meaningful abnormalities in laboratory values or vital signs were observed at any time point after any dose of the study drug.
DISCUSSION
This randomized, double-blind, placebo-controlled, 4-period crossover study in healthy volunteers evaluated the effect on the QTcF interval of i.v. delafloxacin administered at both therapeutic (300-mg) and supratherapeutic (900-mg) doses. The principal finding is that neither of the 2 delafloxacin dose groups demonstrated an upper bound that approached or exceeded 10 ms, indicating no clinically meaningful increase in the QTcF interval. The results of the PK/PD model show that the slope for the QTcF interval for delafloxacin was negative, and the predicted ⌬⌬QTcF interval at C max was less than 0 ms for both the therapeutic and supratherapeutic dose groups. These changes were not clinically significant. Together, these data do not support the idea of any effect of delafloxacin on QT interval prolongation.
The C max and AUC values observed for the supratherapeutic dose of delafloxacin in this study were approximately 1.7 and 1.9 times greater, respectively, than the values reported for subjects with severe renal impairment (estimated glomerular filtration rate, Յ30 ml/min/1.73 m 2 ) who received a single 300-mg dose of i.v. delafloxacin (8, 16) . The supratherapeutic dose of delafloxacin used in the present study thus provided greater systemic concentrations of delafloxacin for QTc evaluation than those likely to be observed during routine clinical use of delafloxacin.
Our finding that delafloxacin, even at a supratherapeutic dose, does not prolong the QTcF interval in healthy volunteers is consistent with results from preclinical studies, suggesting that delafloxacin did not inhibit the HERG current in vitro at a concentration approximately 33-fold the estimated therapeutic plasma level when dosed at 400 mg/day (Melinta, data on file). Randomized prospective studies with healthy individuals given ciprofloxacin or levofloxacin have shown that these also do not cause QT prolongation. Noel and colleagues (17) reported that a single dose of levofloxacin administered at 500 mg p.o. had no effect on the QTc interval, whereas higher doses-1,000 mg p.o. and 1,500 mg p.o.-caused significant prolongation. Results from a study by Tsikouris and colleagues (18) suggest that repeated dosing of up to 7 days of ciprofloxacin at 500 mg BID or levofloxacin at 500 mg once daily also has no effect on the QTc interval; administered as a positive control, moxifloxacin at 400 mg once daily caused a significant increase. Despite the widespread use of fluoroquinolones, the overall incidence of TdP remains low (19) .
This study demonstrated the lack of effect of delafloxacin on prolongation of the QTc interval and was designed in accordance with current regulatory guidelines for evaluating the potential of new drugs to prolong the QTc interval; however, several limitations of this type of study should be noted. The study was conducted in a population both younger and healthier than the populations that would receive delafloxacin for the treatment of infections, populations likely to have comorbid diseases and to receive concomitant medications. The use of healthy subjects in a TQT study, such as this one, reduces variability in the measurement of QTc intervals. Another limitation is that the current study looked at the effects on the QTc interval after just a single 300-mg dose of i.v. delafloxacin, while the recommended i.v. dose for the treatment of infections is 300 mg BID for 5 to 14 days. In a phase I study, however, there was no appreciable accumulation of delafloxacin after multiple days of twice-daily i.v. dosing. Mean plasma clearance levels were similar on days 1 and 14, and PK parameters were similar after single and multiple doses (8) .
Finally, the present study utilized a supratherapeutic dose (900 mg) of delafloxacin in addition to the clinical dose (300 mg). Given that there was no increase of the QTc interval at the supratherapeutic dose, it can be expected that there will not be an effect of delafloxacin on the QTc interval at the dose targeted for use in the clinic. There was a small but significant inverse relationship between delafloxacin plasma concentrations and ⌬⌬QTcF. The clinical relevance of this small degree of QTc shortening remains unknown. However, the small decline in ⌬⌬QTcF found in the present study is not expected to be clinically meaningful.
In conclusion, delafloxacin, at both therapeutic and supratherapeutic doses, had no clinically relevant effect on the QT/QTc interval in a population of healthy male and female adult volunteers. There were no SAEs, deaths, or AEs leading to discontinuation during the study, and there were no clinically meaningful abnormalities in laboratory values or vital signs observed at any time point after any dose of the study drug.
